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The Role of Tactile Cueing in Multimodal Displays:
Application in Complex Task Environments for Space Exploration

Elizabeth M. Wenzel! and Martine Godfroy-Cooper?

This document is based on a 2016 Final Report commissioned by the Human
Research Program, Space Human Factors and Habitability Element, Risk of
Inadequate Human-Computer Interaction (HCI).

1. Introduction

The work reviewed here addresses the Human Research Program (HRP) Risk of Inadequate
Human-Computer Interaction (HCI).: Given that human-computer interaction and information
architecture designs must support crew tasks, and given the greater dependence on HCI in the
context of long-duration spaceflight operations, there is a risk that critical information systems will
not support crew tasks effectively, resulting in flight and ground crew errors and inefficiencies,
failed mission and program objectives, and an increase in crew injuries, and HRP Gap: HCI-03: We
need HCI guidelines (e.g., display configuration, screen-navigation) to mitigate the performance
decrements and operational conditions of long duration spaceflight.

This paper reviews the potential role of tactile cueing in multimodal displays that will need to be
developed to enable Extravehicular Activity (EVA) and telerobotic exploration for both Moon and
Mars missions. Specific missions to be accomplished during EVA surface and space operations will
include construction and assembly, surface and geologic exploration, and excavation for protective
shelter from radiation and significant solar particle events. EVA crews have limited time, resources,
mobility, visibility and dexterity, and activities take place in a perceptually impoverished
environment. Limitations include a loss of spatial reference frame leading to spatial disorientation, a
loss of information normally provided by the auditory and somato-sensory systems, and a restricted
field of view. In addition, in non-surface operations crew must be able to navigate and operate in a
fully six degree of freedom (DoF) environment. Fatigue resulting from suited EVA tasks will also
critically affect performance and safety. In order to mitigate these factors, it is important that crews
be well trained prior to executing actual missions. There is a critical need to design multimodal
interfaces to optimize performance under these conditions for both training and actual operations.
Because of the high level of complexity of the EVA environment on the one hand, and the “sensory
restrictions” on the other, it makes sense to envisage enhancements to the astronauts’ visual
environment. Such an enriched environment may include virtual auditory as well as tactile inputs.

In perhaps the earliest example of a tactile display, the sense of touch was used to convey visual
information to the blind in a device called the Visagraph (Naumberg, 1931) that converted a raised
replica of the printed word to embossed aluminum foil. Initially, other early examples of tactile
displays were also focused on this role of sensory substitution for aiding the blind. Later, Geldard
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(1957, 1960) proposed tactile information as a more general means for communication and
developed a (now defunct) tactile language called Vibratese. He described several important
perceptual properties of touch: the ability of the skin to make temporal and spatial discriminations
comparable to vision and hearing, the effectiveness of cutaneous sensations for capturing attention,
the large area available for potential stimulation of the skin, and the underutilization of this sensory
channel for presenting information. Jones and Sarter (2008) note that the sense of touch is also
unique in that, unlike vision and hearing, touch is a bi-directional, proximal sense that senses objects
in contact with the body and simultaneously supports both perception of and action on the
environment. It also has natural directional capabilities analogous to the omnidirectional property of
spatial hearing. Its proximal nature also enables “private” displays where information can remain
confidential to the user and does not add clutter to a noisy environment.

2. The Somatosensory System and Tactile Sensation

The somatosensory system receives both external and internal information about the state of the
body. It includes the sense of touch (including the perception of pain and temperature),
proprioception and the visceral senses. Proprioception includes the vestibular system that conveys
the sense of balance and the kinesthetic senses which convey information about the relative positions
and movements of body parts from receptors in muscles, tendons, and joints. The visceral system
conveys information about the internal state of the body and organs (e.g., fatigue, hunger,
stomachache). The cutaneous sense (touch) consists of taction, a sense of pressure or vibration,
arising from mechanical stimulation of the skin, thermoception (sensation of temperature), and
nocioception (sensation of pain).

Touch receptors are embedded in the epidermis (outer layer) and dermis layers (under the epidermis)
and contain the nerve endings of the skin and all over the body (mouth, muscles, tendons and joints).
Multiple types of touch receptors form the basis for multiple “channels”, i.e., specialized
information processing subsystems, that contribute to the overall sense of touch: temperature, shape,
smoothness, tactile receptors, kinesthetic receptors, thermoreceptors, nocioceptors. Each touch
receptor can be characterized by three attributes:
* The type of stimulation the receptor responds to: e.g., pressure, vibration, and
temperature change.
* The size of the receptive field: i.e., the extent of the body area to which the receptor
will respond.
* The rate of adaptation:
— Fast-Adapting phasic receptor that responds within 0.1 second with bursts of
Action Potentials when its preferred stimulus is applied and when it is removed,
but not during the steady state between stimulus onset and offset.
— Slow-Adapting tonic receptor (10 to more than 100 seconds) that remains active
throughout the period during which the stimulus is in contact with its receptive field.



3. Vibrotactile Perception

Vibrotactile stimulation activates a number of mechanoreceptors (receptors that respond to
mechanical stimulation or pressure, Table 1) in the skin whose responses depend on the frequency,
amplitude, and duration of vibration and the location of the contactor stimulating the skin. Three
primary mechanoreceptors have been identified in hairy skin and are relevant to most tactile displays
that are often mounted on either the torso or the arms. A fourth type (Meissner's corpuscles) is found
primarily in the glabrous or hairless skin of the fingertips and eyelids and to a lesser extent in the
palm. Two types (Merkel's disks, Ruffini endings) are slowly adapting (e.g., pressure detection) and
two (Meissner's corpuscles, Pacinian corpuscles) are rapidly adapting (e.g., variable or change
detection, vibration). Each receptor type is most responsive to a different range of stimulus
frequencies, intensities and durations and an understanding of their overall functional characteristics
is important for developing effective tactile displays (Jones & Sarter, 2008; van Erp & Self, 2008;
Myles & Binsteel, 2015).

Table 1. Basic Characteristics of Mechanoreceptors

Mechanoreceptor | Adaptation | Frequency | Receptive Perception
Type Rate Response Field

Merkel Tonic 331y Small Slow pusjhlng (pressure detection),
fine details

Ruffini Tonic 15-400Hz Large Stretching

Meissner Phasic 3—40Hz Small | Flutter, hand grip control

Pacini Phasic 10—500Hz Large Rapid vibration, texture by moving
fingers

3.1. Frequency

A number of studies have measured detection thresholds for vibrotactile stimuli as a function of their
frequency for different regions of the body (e.g., Bolanowski, Gescheider, & Verrillo, 1994;
Gescheider, Bolanowski, Pope, & Verrillo, 2002; Cholewiak, Brill, & Schwab, 2004). The minimum
detectable displacement measured for frequencies ranging from 0.4 to 1000 Hz showed optimal
sensitivity in the range of 150 to 300 Hz for all body sites, although the overall sensitivity varied
with body region. The lowest thresholds were observed in the fingertips and the highest thresholds
were in the abdominal and gluteal regions. Sensitivity around the torso remained constant making it
a potentially useful site for a vibrotactile display.

In order to use vibrotactile frequency to reliably encode information, e.g., representing increased
urgency with increased frequencys, it is important to know how sensitive people are to changes in
vibration frequency. Relatively few studies on vibrotactile frequency discrimination have been
conducted, probably because there is an interaction between frequency and amplitude. For a given
frequency, as the amplitude of vibration increases, the perceived frequency of the signal (i.e., pitch)
also increases. The rate at which perceived frequency changes as a function of stimulus frequency
varies considerably across individuals (Békésy, 1959; Morley & Rowe, 1990) and over different
regions of the body. In regions with high mechanoreceptor density like the fingertips, perceived
frequency increases more rapidly with increases in frequency than it does in areas with lower
densities, like the arm (Békésy, 1962). Studies measuring difference thresholds are sometimes
contradictory and may differ in whether or not the interaction between frequency and amplitude was



controlled (Goff, 1967; Mahns, Perkins, Sahai, Robinson, & Rowe, 2006; Mowbray and Gebhard,
1957; Rothenberg, Verrillo, Zahorian, Brachman, & Bolanowski, 1977). In general, they show that
the Weber fraction (differential threshold divided by reference frequency expressed as a percentage)
tends to increase with increasing frequency, may vary as a function of body site, and indicate that

the skin is far less sensitive than the ear to changes in frequency (i.e., Weber fractions on the order
of 30% vs. 0.3%).

Based on these findings, it is difficult to specify the change in vibrotactile frequency that could be
reliably distinguished by users of a tactile display. Rothenberg et al. (1977) suggested that there
might be seven distinguishable steps in vibrotactile frequency on the forearm. For the finger,
Sherrick (1985) proposed that only three to five rates might be distinguished over the range of 2 to
300 Hz (or 5 to 8 steps if intensity is added as a redundant cue). Thus, it is unclear that vibration
frequency would be a useful parameter to vary in a tactile display, given the limited bandwidth of
the tactile system and the complex interactions between frequency and amplitude in vibrotactile
frequency discrimination. Geldard (1960) cautioned that frequency “would have to be handled
gingerly in a [tactile] communication system, especially if intensity were simultaneously
manipulated as a variable” (p. 1586).

3.2. Intensity

Changes in vibration intensity or amplitude could also be used to convey information such as
proximity or range of a vehicle to an obstacle. The just-noticeable difference threshold for intensity
depends on the reference amplitude of the vibration but does not follow Weber’s law. At moderate
to high intensities of vibration the threshold is smallest with estimates ranging from 5% to 30% with
an average around 16% (Craig, 1972). Again, the interaction between intensity and frequency means
that changes in intensity for a given vibrotactile frequency will affect both perceived amplitude
(tactile “loudness”) as well as frequency (tactile “pitch’), suggesting that only one of these
parameters should be varied at a time when encoding information. If information is encoded by
vibrotactile frequency alone in a tactile display, equal-sensation magnitude curves derived from
judgments of equal subjective magnitude for combinations of frequency and intensity can be used to
determine the intensity of vibration at one frequency that is required to equal the subjective intensity
of vibration at another frequency (Verrillo, Fraioli, & Smith, 1969).

Both absolute and differential thresholds for vibrotactile intensity are needed to determine how
much stimulus intensity should be varied in order for an observer to detect a change in a tactile
display. Analogous to the inverse-square law for auditory intensity, psychophysical functions for
suprathreshold stimuli relate the amplitude of a vibrotactile stimulus to its perceived intensity and
indicate the perceptual effect of doubling or halving stimulus intensity (Stevens, 1968; Verrillo &
Chamberlain, 1972; Verrillo et al., 1969). Such studies using single tactors also show that the
perceived intensity of vibration increases as a power function of the physical intensity of the
vibration with an exponent ranging from 0.45 to 0.95, depending on the frequency of vibration
(Stevens, 1968) and the skin site tested (Verrillo & Chamberlain, 1972). The exponent (slope) of this
psychophysical function is inversely related to the density of neural innervation at the skin site tested
meaning that the perceived magnitude of vibration increases more rapidly for the forearm than for
the hand or finger. Thus, in a tactile display, changes in vibrotactile intensity are perceived to be
greater when presented to the torso or arm, rather than to the fingers.

The perceived intensity of vibrotactile stimulation can also be manipulated by varying the number of
tactors used to present the stimulus. Cholewiak (1979) used a tactile display on the thigh and found
that when the number of active tactors increased from 1 to 64, there was a linear increase in the



perceived intensity of the vibrotactile stimulation for frequencies above 40 Hz. This suggests that the
subjective intensity in a tactile display can be varied by changing the number of concurrently active
tactors, although Geldard (1960) has suggested that the resolution would be quite crude, with only
three widely spaced intensity values that would probably be usable in a display.

3.3. Temporal Variation

Temporal variation in a tactile stimulus (burst duration, pulse repetition rate, inter-pulse interval, and
number of pulses) is another variable that may be used to encode information in a tactile display. In
most tactile displays the duration of the stimulus ranges from 80 to 500 ms, typically repeated in a
sequence of on/off pulses. As the duration of a tactile stimulus increases from 80 to 320 ms, the
ability to identify a tactile pattern improves (Summers, Cooper, Wright, Gratton, Milnes & Brown,
1997). Users prefer that the duration of the tactile pulses be shorter (50 to 200 ms) when being used
as an alert; longer duration stimuli are perceived as annoying (Kaaresoja & Linjama, 2005).

3.4. Waveform

Rhythms can also be created to encode information by grouping vibrotactile pulses of varying
durations (e.g., signaling urgency of message, proximity of vehicle). Brown, Brewster, and Purchase
(2005) showed that participants could identify three different rhythms with an accuracy of 93%.
They independently varied both the tactile rhythm and complexity of the waveform to create tactile
patterns called tactons, analogous to visual icons or auditory earcons. Perception of vibrotactile
frequency appears to largely depend on temporal cues rather than spectral properties. Unlike timbral
perception in the auditory system, the tactile system seems to be relatively insensitive to variations
in waveform (Cholewiak et al., 2004; Summers et al., 1997). However, differences in waveform can
be perceived if waveform complexity is varied by using amplitude-modulated sinusoids, e.g., a base
signal (250 Hz) modulated by a second sinusoid (30 Hz). Perceived “roughness” of the resulting
waveform increases as the modulating frequency decreases and could be used as an additional
parameter for a tacton that encodes information such as traffic flow (Brown et al., 2005).

3.5. Body Locus

Spatial coordinates of tactile stimuli are topographically represented in the sensory cortex according
to the location and density of innervation of the various body parts (the so-called somatosensory
homunculus, Penfield & Rasmussen, 1950). Thus, it has been proposed that spatial information
about the external world can be intuitively communicated by the tactile channel for displays cueing
events in 3D space (e.g., van Erp, 2001, 2005) or directing attention to spatially congruent targets in
a visual display (Tan, Gray, Young, & Traylor, 2003).

In general, the ability to localize a point of vibrotactile stimulation on the body is best when it is
presented near anatomical points of reference such as the wrist, elbow, spine, or navel. For example,
Cholewiak et al. (2004) used a tactile display that mapped space around the torso to the 12 hours of
the clock. They determined the number of sites that participants could accurately localize
vibrotactile stimuli using a belt with 12, 8, or 6 equidistant tactors around the waist. Localization
accuracy averaged 74% correct with 12 tactors, 92% with 8 tactors, and 97% when 6 tactors were
used. Performance was also better (by 2%—5%) when anchor points, such as the spine or navel, were
used as stimulation sites. Similar to spatial resolution in the auditory system, van Erp (2005) found
that localization accuracy was highest for stimuli presented in the mid-sagittal plane of the body and
that errors were higher for stimuli presented on the side of the torso. He proposed that such a
vibrotactile torso display could be utilized for navigation displays or vehicle control.



When two-dimensional tactile arrays are used, localization accuracy appears to be highly dependent
on inter-tactor spacing and body location. Lindeman and Yanagida (2003) used a 3 x 3 tactor array
on the back and observed an 84% correct identification rate for a single vibrotactile stimulus on the
back with a 60 mm spacing between tactors. However, Oakley, Kim, Lee, & Ryu, (2006) observed
only 53% correct for a 3 x 3 array placed on the dorsal forearm with only a 25 mm spacing due to
the limited skin surface available. These results clearly demonstrate that inter-tactor spacing, array
configuration, and the specific location on which the display is mounted all influence localization
accuracy and must be considered carefully in the design of a tactile display used to communicate
spatial information.

In addition to providing cues about the location of events in the environment, spatial cues can also
be represented in the pattern of vibrotactile stimulation. For example, Jones, Lockyer, & Piateski
(2006) developed a tactile display that sequentially activated a series of tactors with the pattern of
activation representing a specific command, e.g., “move to the left.” Such a tactile display requires
that the spacing of the tactors on the body be greater than the two-point threshold for vibrotactile
stimulation (i.e., the minimum distance at which two points of stimulation are reported). On the
back, the two-point threshold for discriminating vibratory stimuli is approximately 10 to 11 mm and
is the same for both simultaneous and successive stimuli (Eskildsen, Morris, Collins & Bach-y-Rita,
1969). These thresholds are considerably smaller than the static two-point thresholds of 20 to 40 mm
measured on the back (Weinstein, 1968), indicating that dynamic stimuli enhance the spatial acuity
of the torso.

Dynamic stimuli may also result in various illusory phenomena that could be used to enhance
information presentation in a tactile display. One example that has been studied at several different
locations on the body is sensory saltation (Geldard, 1975), a tactile illusion of displacement also
known as the “cutaneous rabbit.” The illusion can be created by placing three stimulators at three
equally spaced locations on the skin, e.g., on the forearm (Cholewiak & Collins, 2000) or on the
back (Tan, et al., 2003). Three brief pulses are delivered at the first stimulator, followed by three
pulses at the middle stimulator, and finally three pulses at the farthest stimulator. Rather than feeling
three successive taps at three distinct locations, most people perceive that the mechanical pulses are
evenly distributed across the skin surface, as if the stimuli were a small rabbit hopping from one
location to the next. The temporal separation between the bursts of vibration appears to determine
the perceived spatial layout in sensory saltation. When the inter-stimulus intervals are between 20 to
300 ms (optimally ~50 ms), the stimuli are perceived as being spatially distributed across the skin
surface. On the back, the tactors need to be placed no more than 100 mm apart with the optimal
number of pulses delivered to each tactor between three and six (Geldard, 1975; Geldard & Sherrick,
1972). Such an illusion suggests that it should be possible to simulate a higher spatial density of
tactors than is actually present in a display by manipulating the tactor spacing and inter-stimulus
intervals. When Cholewiak and Collins (2000) directly compared saltatory presentations with
veridical presentations of vibrotactile stimuli on the back, they observed that the sensations in the
two cases were indeed indistinguishable most of the time.

3.6. Summary of Vibrotactile Perception

Of the four possible parameters available for a vibrotactile display discussed here, duration
(temporal variation) and body locus hold the most promise for encoding information in a tactile
display. Frequency and intensity are problematic due to the poor frequency resolution of the skin, the
complex interactions between frequency and amplitude in vibrotactile frequency discrimination, and
the fact that stimuli of the same intensity applied to different loci on the body are perceptually
different. Rothenberg et al., (1977) proposed that there are at least 7 distinguishable steps in



vibrotactile frequency and 15 different intensities that can be discriminated on hairy skin. Similarly,
the European Telecommunications Standards Institute (2002) recommended that nine different levels
of vibrotactile frequency be used. However, it seems likely that reliable identification accuracy of
such stimuli would require substantial training and this situation would only be exacerbated by the
complex multi-tasking applications for which tactile displays have been proposed.

More in-depth discussions of tactile perception can be found in the reviews by Jones & Sarter
(2008), van Erp & Self (2008), Spirkovska (2005), Giang, et al., 2010, and Myles & Binsteel (2015).

4. Tactile Display Devices

Most tactile displays depend upon taction (the act of touching) derived from mechanical receptors
in the skin that may result in either constant tactile simulation, a sense of constant pressure, or
variable (vibrotactile) stimulation resulting in the sensation of skin vibration. Tactile and
kinesthetic displays are sometimes used synonymously in the form of a haptic display. A well-
known example of a haptic display is a force feedback device such as the stick shaker in an
airplane cockpit that signals an impending engine stall. Other haptic displays that have been
developed impart a sense of surface texture or roughness as the user controls a force-reflecting
interface device (Adelstein, Ho, & Kazerooni, 1996; Adelstein, Gayme, Kazerooni, & Ho, 1998).
Here, we will focus on vibrotactile stimulation that forms the basis of most current tactile display
systems that are commercially available.

Tactile display devices can be categorized into three types of devices based on the mechanism with
which they stimulate the skin: vibrotactile, electrotactile, and static actuators. The intended use
often determines the choice of device. Wearable displays must be lightweight and small, with low
power consumption if the user is also mobile. Other considerations include durability, reliability,
wearability, and cost. Vibrotactile devices have been most commonly used in such displays. Touch
displays, such as handheld devices, often use some form of static display.

4 1. Vibrotactile Devices

Vibrotactile (electro-mechanical) displays stimulate the skin using an actuator that converts
electrical energy into a mechanical displacement of either the whole tactor or a contactor pad at
frequencies ranging from 10 to 500 Hz. The main types of vibrotactile actuators are rotary inertial,
linear actuators, and pneumatic tactors.

The rotary motion tactor consists of a housing incorporating a direct current (DC) motor with an
eccentric rotating mass (ERM). The rotation of the motor stimulates the skin by causing the housing
to vibrate, creating omni-directional waves that propagate throughout the device, enabling whole
device haptics. A well-known example of an ERM tactor is the pager motor found inside cell
phones. The size, cost, robustness, and low power characteristics of the “pager-motor” tactor make
it a popular choice for many applications. For example, such devices have been used for torso-
based displays (Jones, et al., 2006; Lindeman, Yanagida, Noma, & Hosaka, 2006; van Erp, van
Veen, Jansen, & Dobbins, 2005). They are simple to control and produce readily perceptible
vibrations on the skin. However, they have limited power-to-mass ratios, and the frequency and
amplitude of the vibration is difficult to control independently, unlike some of the electromagnetic
linear actuators. The small DC motors are activated at a fixed frequency (typically between 80 and
250 Hz) and amplitude, with the number and location of the motors that are simultaneously active
used to convey information.



Linear Resonant Actuators (LRAs) are electromagnetic actuators comprised of a simple magnet
attached to a spring that modulates up and down creating its vibrations. The moving “contactor” is
lightly preloaded against the skin. When an AC electrical signal is applied, the “contactor”
oscillates perpendicularly to the skin, while the surrounding skin area is “shielded” with a passive
housing. This provides a strong, point-like sensation that is easily felt and localized. Linear, coil-
based actuators have good frequency and amplitude control in the range around their resonance
frequency (~200-300 Hz). Thus, the LRA can offer a richer user experience in a lower power
solution compared to ERMs. A commercial example of the LRA is the C2 tactor developed by
Engineering Acoustics, Inc (http://www.atactech.com/). Their C2 and related tactors form the basis
of one of the most complete commercial tactile displays, the Tactile Situational Awareness System
(TSAS), developed for fixed and rotary wing aircraft and other military platforms (see Rupert,
1996; 2000). A recent version is composed of three types of tactile arrays (seat cushion, shoulder
harness, and waist belt arrays), integrated with hardware controllers, and a TSAS test bed,
integrated with a flight simulation tool and software developer kits (SDKs) for software
development and testing of tactile display concepts. A number of other labs have developed similar
integrated systems, but these generally appear to be prototypes specific to individual research
projects and are not commercially available.

Pneumatic tactors are a form of alternating current (AC) linear actuator that consist of a hard
shell/reservoir with a soft membrane covering the opening of the shell and an air supply tube
attached to the plastic shell. Oscillatory compressed air is driven into the plastic shell that forces the
soft membrane or bladder to vibrate, generally at a lower frequency range than electromagnetic
tactors (0—100 Hz, optimal 50 Hz). Similar to the pneumatic tactor, the hydraulic tactor uses fluid as
the working medium. Problems associated with pneumatic devices include air/fluid leakage, a
limited frequency range, and they may be bulkier and harder to control.

A new technology similar to the pneumatic tactor is the Tactus Intelligent Surface
(www.tactustechnology.com/), primarily marketed as a keyboard overlay for tablets or cell phones
with physical buttons that dynamically appear and disappear into a flat touch screen. It uses
microfluidics, small fluid channels routed throughout the Tactile Layer that enable fluid to expand
the top polymer layer to create the physical buttons. A small Tactile Controller is connected to the
Tactile Layer, which controls the state of the buttons. The controller interfaces via USB, SPI or 12C
to a processor. A basic API is provided to allow for integrated software/application-based control.

Piezoelectric tactors are another type of linear actuator that use piezoelectric materials to produce
vibratory stimuli. High cost, low force and displacement, and high voltage requirements have limited
their use. However, the non-magnetic properties of the piezoelectric tactor make it a possible
solution when magnetic materials must be avoided, as in magnetic resonance imaging (MRI)
applications. The commercially available Thunder™ actuator
(http://www.thunderandlightningpiezos.com), based on a piezoelectric composite technology
originally patented by NASA, is one example of this type of device.

Recently, a new piezoelectric tactor has been developed by Midé Engineering Solutions
(http://www.mide.com/collections/piezoelectric-haptic-feedback). SHIVR™ high performance, low-
profile piezoelectric haptic actuators enable low power, thin, lightweight, and non-magnetic touch
communication making them ideal for specialized bio-medical, military and industrial
communication applications. SHIVR actuators are able to create a richer haptic experience, as they
allow single cycles, fast start-up, static deflection, and independent frequency, amplitude, and phase
control capabilities—allowing the user to control the feel and intensity of the sensation. The high
performance and broad array of haptic feedback of the SHIVR actuators are made robust and
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reliable by utilizing Midé’s patented manufacturing process that encapsulates high-performance
brittle piezo ceramics between copper-clad insulating materials creating a robust, hermetically
sealed, electrically insulated transducer with easy connection ready to integrate into your system or
application. The Army has recently contracted with Midé to incorporate arrays of these tactors into a
snug, flexible t-shirt with tactors and connecting wires embedded/woven into the fabric (Angus
Rupert, personal communication, 2016). Such a technology has great potential as a display device
during NASA EVA missions since it would likely be lightweight, comfortable, and potentially more
reliable than currently available tactor arrays.

A new type of vibrotactile device that works via electrostatic rather than electromechanical
vibration, TeslaTouch, exploits the principle of electrovibration that allows the creation of a broad
range of tactile sensations, including surface texture, by controlling electrostatic friction between an
instrumented touch surface and the user’s fingers (Bau, Poupyrev, Israr & Harrison, 2010;
https://www.disneyresearch.com/project/teslatouch/). Advantages are that it is fast, low-powered and
dynamic, with broad bandwidth and uniformity of response across a wide range of frequencies and
amplitudes. It is also highly scalable and can be used efficiently on touch surfaces of any size, shape
and configuration. Because it does not have any moving parts, it can be easily added to existing
devices with minimal physical modification.

4 .2. Electrotactile Devices

Electrical tactile systems provide the sensation of touch through electrotactile excitation. Also
known as electrocutaneous stimulation, this technology uses tiny electrodes to produce stimulus-
controlled, localized touch sensations by passing a small electric current through the skin with brief
(50-100 ps), constant current pulses (0.1-10 mA). The electric field generated excites the
neighboring afferent nerve fibers responsible for normal mechanical touch, resulting in sensations
variously described as a tingle, pressure, vibration, or pain, depending on the electrode and
waveform properties (van Erp & Self, 2008).

Electrotactile displays have been developed for use as sensory aids for those with hearing and visual
disabilities (Summers, Dixon, Cooper, Gratton, Brown & Stevens, 1994; Kaczmarek & Haase, 2003;
Saunders, 1973). Benefits include reduced weight and size and increased reliability compared to
mechanical tactors due to the lack of moving parts. Also, the sensation is very localizable allowing
for high-density tactile arrays over a relatively small surface area. However, a general limitation of
electrotactile displays is the small dynamic range available to present tactile cues that are painless
(Jones & Sarter, 2008). Both the absolute threshold and subjective magnitude of electrotactile
stimulation increase rapidly with changes in constant-current amplitude (Rollman, 1973) so the
stimulus must be controlled carefully to avoid painful sensations. Further, if there is poor contact
between the skin and an electrode, the decrease in effective area results in a higher current density
and a much stronger sensation of a sudden, sharp pain (Kaczmarek, Webster, Bach-y-Rita &
Tompkins, 1991). The dynamic range from threshold to the maximum painfree level depends on the
individual, stimulation site, type of electrodes and stimulus waveform used; it varies from 1.6-20 dB
compared to 40 dB for vibrotactile devices.

4.3. Static Displays

Unlike the more dynamic properties of vibrotactile and electrotactile tactors, there are also static
devices that either statically indent or apply shear forces to the skin surface (Jones & Sarter, 2008).
They are typically used in displays fabricated for presenting tactile cues to the fingers, such as in
displays embedded in handheld devices (e.g., Poupyrev, Maruyama, & Rekimoto, 2002) and in
virtual Braille displays (Lévesque, Pasquero, Hayward, & Legault, 2005).
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A more in-depth discussion of tactile devices and their implementations can be found in the reviews
by Jones & Sarter (2008), van Erp & Self (2008), Spirkovska (2005), and Myles & Binsteel (2015).
It should be noted that tactile display systems appear to come and go: several devices, such as the
Tactaid and Optacon disability aids and the Steadfast Technologies P2 pneumatic tactor, mentioned
in these reviews no longer exist.

5. Tactile Display Roles and Applications

To date, the primary applications of tactile information presentation can be grouped into two main
categories: sensory substitution and spatial guidance.

5.1. Sensory Substitution

Tactile cues have been used to substitute/offload other modalities to aid those with visual or hearing
impairments (Kaczmarek & Bach-y-Rita, 1995), help with overcoming difficulties related to data
overload, presenting non-visual communication (Hale and Stanney, 2004), and providing
information that is confidential (Jones & Sarter, 2008).

Many tactile displays were initially developed to support sensory substitution in a number of aids for
the visually or hearing impaired and later, to provide cues about the properties of objects in
computer-generated virtual environments. In these applications, the sense of touch is used to
compensate for deficiencies in other senses or to provide information that is best represented using
the tactile modality (e.g., surface texture). The role of tactile displays for sensory substitution will
also be important for space exploration activities. EVA crewmembers have limited time, resources,
mobility, visibility and dexterity, and activities take place in a perceptually impoverished
environment. Limitations include a loss of spatial reference frame leading to spatial disorientation, a
loss of information normally provided by the auditory and somato-sensory systems, and a restricted
field of view.

Sensory substitution systems developed in the 1970s used a camera and computer to capture the
visual information that was then presented via a tactile array to the hand or torso as a pictorial
representation. Aids for reading (the Optacon, Bliss, Katcher, Rogers & Shepard, 1970) and object
recognition (Videotact, Kaczmarek & Bach-y-Rita, 1995; Bach-y-Rita, Collins, Saunders, White, &
Scadden, 1969; Segond, Weiss, & Sampaio, 2005) were also developed, although their performance
was limited in speed and could be degraded by any visual clutter present within the camera
viewpoint. Tactile aids for the hearing impaired have also been developed to support speech
perception. The Teletactor system relied on tactile representation of a simplified cochlear model
with positional encoding of frequency information in the speech signal (Teletactor: Saunders, Hill,
and Franklin (1981). Another system, the Tactaid, used vibrotactile inputs to encode properties of
the speech signal such as the spectral location and amplitude of the first two formant regions of
speech (Reed & Delhorne, 1995). A more recent innovation is the use of tactile displays as sensory
substitution in balance prostheses for people with vestibular dysfunction, presenting tactile cues for
body tilt/sway to the torso (Wall & Weinberg, 2003) or feet (Priplata, Niemi, Harry, Lipsitz, &
Collins, 2003). Tactile signals delivered to the forearm have also been shown to be useful for sound
localization (Békésy, 1955), with a similar average localization error for the skin and ears of 10.3°
and 8°, respectively (Gescheider, 1965).
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5.2. Spatial Guidance

With respect to spatial guidance, tactile cues have been used to support interaction with objects
(McLean, 2008), to help with orienting/guiding 2D localization (McLean, 2008), and to aid in
navigating unfamiliar terrain (Jones et al., 2006).

5.2.1. Orientation and Localization

A variety of tactile displays have been developed to aid spatial orientation and navigation in
situations in which the human operator can become disoriented. Circumstances leading to
disorientation may include an absence of stable reference frames, such as when flying through
clouds or flying under high G-load conditions (Rupert, 2000; van Veen & van Erp, 2003), working
in microgravity environments in space (Rochlis & Newman, 2000; Traylor & Tan, 2002; van Erp
& van Veen, 2003; 2006; van Erp, van Veen, & Ruijsendaal, 2008), or navigation in unfamiliar
terrain (Gilson, Redden, & Elliott, 2007; Jones et al., 2006; Lindeman, Sibert, Lathan, & Vice,
2004). In such displays, vibrotactile actuators are used to present information about the intended
direction of an operator or vehicle, the pitch and roll of an aircraft, and/or the location of way
points in the environment.

The TSAS was developed for fixed and rotary wing aircraft and other military platforms (see Rupert,
1996; 2000). A recent version is composed of three types of tactile arrays (seat cushion, shoulder
harness, and waist belt arrays), integrated with hardware controllers, and a software test bed. An
earlier prototype was used in experiments testing a tactile display to aid hover control in a UH-60
helicopter. Velocity direction was represented by tactor location and velocity vector magnitude was
represented by the tactor pulse pattern to help maintain motionless flight over a reference point. A
computer connected to the altitude and velocity sensors on the helicopter translated its position and
movement into tactile signals. Results from test flights involving 4 pilots showed that the aircraft
could be controlled primarily using tactile cues with minimal visual cues. Also, there was improved
control of the aircraft during these complex flight maneuvers, and subjective measures indicated that
TSAS enhanced situational awareness (SA) and reduced workload (McGrath, Estrada, Braithwaite,
Raj, & Rupert, 2004; Rupert, 2000). The TSAS and other tactile displays have also been tested for
tasks such as maintaining control of altitude, heading, and airspeed, and to counteract aircraft drift
and pilot disorientation (see van Erp & Self, 2008).

5.2.2. Spatial Orientation: Microgravity Environments

A few studies have investigated the use of tactile displays in microgravity environments, primarily
as a means of counteracting spatial disorientation. Rochliss and Newman (2000) developed the
Tactor Locator System (TLS) to increase an astronaut's SA during EVA when weightlessness can
lead to conflicting visual and vestibular cues, resulting in disorientation and decreased SA. The TLS
was designed as a non-intrusive, intuitive display capable of conveying position and velocity
information via six vibrotactile tactors mounted at the participant's neck and torso, providing
somatosensory cues to complement the visual system. An EVA task was simulated on a computer
graphics workstation with a display of the International Space Station (ISS) and a target astronaut at
an unknown location. Participants were required to move about the ISS and acquire the target
astronaut using either an auditory cue (verbal cue re the ISS module nearest the target) at the outset,
or the TLS. Participants used a six degree of freedom input device to command translational and
rotational motion. The TLS was configured to act as a position aid, providing target direction
information to the subject through a localized stimulus. Results showed that, compared to the
auditory cue, the TLS significantly decreased reaction time (time to make initial movement toward
target) and movement time (total time to acquire target) for simulated astronaut motion around the
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ISS. The authors concluded that the TLS was a useful aid in increasing an astronaut's SA, and
warranted further testing to explore other uses, tasks and configurations.

Traylor & Tan (2002) developed a wearable vibrotactile display to impart directional information on
a user’s back for SA. Two studies were conducted aboard the NASA KC-135A reduced gravity
aircraft to investigate the perception of tactile information in altered-gravity environments produced
by parabolic flight conditions. The first study used a 3 x 3 tactor array attached to the back of a vest
that conveyed directional information based on sensory saltation, a perceptual illusion that creates a
compelling sense of direction of motion. Using this display, untrained observers were able to
correctly identify one of eight directions (east, west, north, south, northeast, northwest, southeast,
and southwest) with an accuracy of 79 to 91% (Tan, Lim, & Traylor, 2000). In the altered gravity
study, participants were trained with four directional signals (east, west, north, and south) and
achieved close to perfect identification performance prior to the flights. During the zero-g portions
of the flights, participants were presented with one of the four directional signals on their back, and
asked to indicate the perceived direction relative to the torso. The results from two subjects showed
that the overall identification accuracy was 44% in zero-g, as compared to close to 100% in 1-g from
the same subjects. They also reported that the vibratory signals felt considerably weaker in zero-g
than in 1-g.

To further investigate the differential effect of gravity, a second study was conducted to compare the
perceived “loudness” of vibrotactile stimulation, as well as tactor mechanical performance, under
different gravity conditions. Four participants compared seven fixed-frequency varying-amplitude
vibrations in 1.8-g to a reference vibration delivered in zero-g using the method of constant stimuli.
The results showed that the points of subjective equality (PSE) measured in 1.8-g were essentially
the same as the intensity of the reference signal delivered in zero-g. The difference between the PSE
and the reference were less than the difference threshold (DL) measured in 1.8-g. The study also
confirmed that the tactors themselves behaved similarly under altered gravity; displacements
(measured with an accelerometer) produced by the tactors in one-g and zero-g conditions were the
same using identical driving waveforms. The data suggest that the perceived loudness of vibrotactile
stimuli remains the same in altered-gravity environments. Rather, user reports indicated that the
ability to interpret vibrotactile signals in zero-g may be hampered by the increased attentional and
cognitive load required to continuously monitor the position and movement of one’s body,
particularly for relatively inexperienced participants during parabolic flight.

Van Erp, van Veen, and colleagues (2003; 2006; 2007) have also developed a vibrotactile vest to
support orientation awareness for astronauts to compensate for the sensory deprivation of the
proprioceptive system during weightlessness. To our knowledge, this is the only research project
that has tested such a prototype in an actual space environment on the ISS. The Tactile Orientation
Awareness Support Tool (TOAST) contained 56 vibrators in a matrix covering the torso and used
ERM (cell phone type) tactors. It employed an artificial gravity vector analogy with the location of
vibration on the torso indicating the direction of a vector representing the standard ISS down
orientation. A second mode, to be used during rest, activated additional vibrating elements attached
to the ankles, knees, elbows and wrists of the astronaut. Using specific, pre-programmed
spatiotemporal patterns, whole body stimulation was used to support the astronaut in sensing and
locating his extremities in space.

In one study, van Erp and van Veen (2006) used several rotation tasks performed by Dutch astronaut
André Kuipers in the ISS to determine whether the brain can integrate artificial orientation
information that has no real life equivalent. The astronaut’s task involved being rotated by a
crewmember a variable number of times, and then asked to report which way was ISS “down.”
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Performance (orientation accuracy and reaction time) was compared with visual only (not
blindfolded), touch only, or both cues. The results showed that, compared to performance with
visual cues alone, artificial touch information in the form of a localized vibration on the torso
signaling the nominal down direction of the ISS made orienting in microgravity faster, better, and
easier. The importance of the artificial touch information also increased over the initial 7 days of
staying in microgravity while the weight of visual information decreased over the same period. The
results support the capacity of the brain to adapt to unusual environments and to use and integrate
artificial cues.

Van Erp, van Veen, and Ruijsendaal (2007) also investigated operational issues of the TOAST
display system. In an experiment with a single male astronaut, they tested whether he could detect
the vibrations in microgravity as fast as on Earth. Several questionnaires were also used to assess
issues such as comfort and usability. The authors compared reaction time (RT) to tactors worn on
the torso by the astronaut in 1-g and zero-g environments. Despite the overall performance gain in
microgravity (i.e., faster RTs), the RTs for tactors located in the upper and lower rings on the torso
were negatively affected by weightlessness: the RTs were higher than in 1-g. This indicated that
although the garment that held the tactors was custom made for the astronaut, the fit at the lower and
upper rings should be improved. The optimized fit for 1-g may be less optimal in microgravity due
to a different posture and shifts in body fluids. The questionnaires showed that the tool supported the
astronaut in orientation tasks and has potential in challenging situations, but was not needed during
daily operations, particularly since the somewhat bulky equipment of the prototype reduced its
wearability. The authors concluded that the demonstration was successful but that more
microgravity data are needed. They also planned to use it in other applications for pilots, divers,
individuals with a visual or vestibular dysfunction, emergency services, and the automotive and
sports industries.

5.2.3. Navigation

A number of studies have demonstrated that tactile displays can be used as navigation aids when
traversing unfamiliar environments (Gilson et al., 2007; Jones et al., 2006; van Erp et al., 2005). The
studies also investigated the optimal configuration of the tactors in the display (e.g., a belt, vest, or
arm bands) and the most effective representation of direction and distance information. Gilson et al.
(2007) tested tactile belt displays for individual soldiers intended to aid in navigation, obstacle, and
threat avoidance, and targeting under battle conditions. Van Erp et al. (2005) tested a navigation aid
using a belt containing eight tactors that represented the direction and distance of waypoints using
tactor location and vibration rate, respectively. Performance was measured in the context of either a
pedestrian, a helicopter pilot, or the pilot of a rigid inflatable boat following the waypoints along a
route. Participants were 100% successful in navigating waypoints using tactor location in all
contexts. However, in the walking task, distance feedback in the form of various temporal patterns
of vibration rate did not facilitate the time to complete the route. The results were also consistent
with Rupert’s (2000) observations that participants can readily interpret vibrotactile cues in a
vibrating environment, even with high-g loads up to 6-g in a centrifuge (van Veen & van Erp, 2000).
Jones et al. (2006) also observed nearly 100% performance in an outdoor navigation task in which
required direction of movement was represented by different vibrotactile patterns presented on a
four by four tactor array on the back. Such studies indicate that torso-mounted tactile navigation aids
can be readily used with minimal training in a variety of operational environments.
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5.3. Virtual Environments

Tactile display devices have also been used to enhance virtual environments. For example, some
displays present collision information when interacting with virtual objects via a position-tracked,
instrumented glove (CyberTouch glove, Immersion Corp.), or the vibration and rumble in the chairs
(Lindeman & Yanagida, 2003) and platforms of driving simulators. The CyberTouch glove used six
individually programmable vibrotactile actuators, mounted on the back of each finger and one on the
palm, with hand configuration recorded from 22 sensors located over the finger joints and the wrist.
Measurements from these sensors determined the position and configuration of a virtual hand
presented to the user on a visual display with the vibrotactile actuators activated whenever the
virtual hand touched or collided with a virtual object. Recent Immersion Corp. developments have
shifted to haptic feedback in handheld devices such as mobile phones, tablets, and gaming
controllers (www.immersion.com).

More recent work on tactile displays for exploring virtual environments has also focused on
developing instrumented surfaces or touch pad displays. For example, Mengoni and colleagues have
developed a system that combines electrotactile and mechanical vibration technology to simulate
softness, texture coarseness and roughness properties (Mengoni, Colaiocco, Peruzzini & Germani,
2011; Germani, Mengoni, & Peruzzini, 2013). Similarly, TeslaTouch uses an electrovibration
technology that allows the creation of a broad range of tactile sensations, including surface texture,
by controlling electrostatic friction between an instrumented touch surface and the user’s fingers
(Bau, et al., 2010).

5.4. Tactons: Communication of Complex Concepts

A promising line of research in tactile displays has focused on the development of tactons, or tactile
icons (Brewster & Brown, 2004; MacLean & Enriquez, 2003; Rinker, Craig, & Bernstein, 1998;
Roberts & Franklin, 2005). Analogous to visual icons or auditory earcons, tactons are structured
abstract tactile “messages” that are designed to convey complex concepts and ideas beyond simple
parameters like location and distance. Pasquero (2006) proposed that in order to be useful, tactile
icons must: (a) be easy to learn and memorize; (b) carry meaning or emotional content; and (c) be
universal and intuitive, while also supporting increasing levels of abstraction for expert users. Like
earcons, a critical aspect of creating tactons is identifying which of several possible, simultaneous
stimulus parameters can map most effectively onto which concept or type of information to be
conveyed. For example, as noted above in the discussion of vibrotactile perception, simple
parameters such as vibration frequency and amplitude may interact producing combined perceptual
effects that are different from manipulating each parameter alone. For a given frequency, as the
amplitude of vibration increases, the perceived frequency of the signal (i.e., pitch) also increases.
Psychophysical studies of vibrotactile perception provide an initial framework for determining
which stimulus dimensions and what range of values are most likely to be perceived and how some
of these dimensions may interact.

Stimuli that vary along a number of dimensions hold the most promise for the development of
tactons that convey abstract concepts. A number of methodologies have been used to try to map this
multidimensional stimulus space. MacLean and Enriquez (2003) used multidimensional scaling
techniques to determine how haptic icons can be created from signal parameters such as waveform,
frequency, and force, with the exact number and value of levels for each parameter based on pre-
determined perceptual thresholds. They found that for the ranges of parameters that they
implemented in a handheld force-feedback knob, frequency played the dominant role in
distinguishing between the multidimensional stimuli with waveform and force being less salient.
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Several studies have exploited the relatively high perceptual salience of temporal cues and rhythms
in constructing tactons. Brown et al. (2005) found that tactons distinguished by different rhythms
were easily identified and that by changing the modulation frequency of a base signal, the perceived
roughness of the waveforms could be varied. Summers (2000) also found that rhythmic patterns,
along with frequency and amplitude variations, were particularly effective for encoding speech
information in an aid for the hearing impaired. Brewster and King (2005) developed a desktop
interface that included a vibrotactile progress bar, e.g. to represent software download time. The
time remaining was represented by variations in the time between vibrotactile pulses with the rate
increasing as the download neared completion time. Participants, who evaluated the design,
preferred the tactile progress bar to the traditional visual one and performed better when tracking
download progress while performing a competing visual task.

A number of researchers have proposed frameworks for organizing tactons into a more coherent
“language.” Brewster and Brown (2004) proposed three different types of tactons: compound
tactons, hierarchical tactons, and transformational tactons. Compound tactons consist of a
combination of two or more simple tactons (such as a high vs. a low-frequency pulse). Hierarchical
tactons represent nodes at various levels of a so-called tacton tree, in which tactons at lower levels
inherit properties from tactons at higher levels. Transformational tactons encode several properties
or pieces of information using different parameters. For example, in an aid for the blind when
using a computer, a transformational tacton can be used to represent a computer file. The file type
could then be encoded by rhythm, the file size by frequency, and the creation date by body
location. Enriquez, MacLean, and Chita (2006) described another approach to developing
haptic/tactile icons that involved identifying basic elements, called haptic phonemes, and using
these to create different icons. They created a set of nine haptic icons that varied in waveform and
frequency and trained participants to associate each haptic icon with an arbitrary concept, such as
the name of a fruit. Participants were able to learn these associations after about 25 min of training,
although identification rates were higher for stimuli with frequency (81% correct) vs. waveform
variations (73% correct).

Tactons have also been developed as a means of supporting attention, fault management and
supervisory control in complex, event-driven task domains. For example, Woods (1995) discusses
using tactile alarms to encode several properties of an interrupting task or event to support users’
decision making in whether to reorient their attentional focus during dynamic fault management
situations involving time pressure, multiple interacting goals, high consequences of failure, and
multiple interleaved tasks. Examples include flight deck operations in commercial and military
aviation, control of space systems, and anesthetic management under surgery. Hameed, Ferris,
Jayaraman, and Sarter (2006) developed an interface in a large-scale supervisory control
environment to support water control engineers in task scheduling and prioritization. They mapped
the nature, urgency, and duration of a pending task to the location, characteristic frequency, and
duration of a tactile signal resulting in correct interpretation rates of 94%, 90%, and 83%,
respectively. Based on this partial information, participants were able to make more informed and
appropriate decisions about attention switching compared to more traditional and less informative
interruption cues, without incurring performance costs on their main visual task.

However, other research has shown that while complex tactile signals are, in principle, feasible and
useful, their success is highly context dependent. Chan, MacLean, and McGrenere (2005) developed
seven haptic icons that could easily be learned in the absence of workload and with minimal
training. Increased workload, however, resulted in detection times that were significantly longer,
although acceptable, in most task contexts. The specific characteristics of the different icons, such as
their degree of intrusiveness, differentially influenced their susceptibility to workload effects as well.
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5.5. Summary of Tactile Display Roles and Applications

Vibrotactile displays have been successfully demonstrated as sensory substitution systems, as
navigation aids in unfamiliar and hazardous environments, and as a means of interacting with
virtual environments. As tactile technology improves, their application will no doubt be facilitated
as they become lighter and less cumbersome with lower power requirements. The optimal
characteristics of a tactile display, such as the number, spacing and location of tactors, clearly
depend on the nature of the task and the complexity of the information to be conveyed. A moderate
configuration of seven to eight tactors has been shown to be effective in aiding speech
comprehension for the hearing impaired (Reed & Delhorne, 2003) or providing directional cues
during navigation (van Erp et al., 2005).

Many systems that have been evaluated have primarily used the location and number of tactors to
encode information, without varying the frequency and amplitude of the vibrotactile signal. The
work on developing tactons and tactile vocabularies suggests that it should be possible to convey
more complex information using a number of carefully optimized signal parameters. However,
tactile signals are subject to masking effects and forms of change blindness in the spatial dimension
(Gallace, Tan & Spence, 2006) and also in non-spatial dimensions such as intensity (Ferris,
Stringfiled, & Sarter, 2010), that can inhibit the signals from being reliably perceived. The limited
perceptual resolution and processing bandwidth of the tactile channel may require that display
signals remain relatively simple, compared to auditory and visual displays.

A more complete summary of the properties and applications of tactile displays can be found in
Jones & Sarter (2008), van Erp & Self (2008), Spirkovska (2005), Giang, et al. (2010), and Myles &
Binsteel (2015).

6. The Role of Tactile Cues in Multimodal Displays

6.1. Structural and Functional Differences Between Vision, Audition,
and Touch

Over the last decades, multisensory research has demonstrated that although important differences
are present between information processing in the different sensory modalities, certain stages of
information processing (such as those contributing to maintaining and updating the representation of
space, or those believed to direct attention toward particular aspects of external stimuli) may actually
be shared between modalities (Downar, Crawley, Mikulis & Davis, 2000; Spence & Gallace, 2007).

The inherent structural and functional differences between vision, audition and touch have important
implications for multisensory integration. As reported earlier, the somatosensory system carries
information as diverse as tactile, proprioceptive and interoceptive. Like vision and audition, the
tactile sense provides information from stimuli external to the body, such as “what” and “where.” In
the “what” domain, the tactile sense carries both static and dynamic information. Static stimuli
characteristics accessible to the tactile sensory system, such as shape, size and texture can also be
made available to the visual system. Dynamic information, such as frequency, intensity and temporal
variation can find equivalents both in the visual and in the auditory systems. The registration of the
spatial properties of a stimulus (“where”’) between modalities is more challenging for the central
nervous system (CNS) and yet, a necessary step towards multisensory integration. Auditory, visual
and somatosensory signals are represented in different neural encoding formats at the level of the
cochlea, the retina, and the body, respectively. Whereas vision is tuned to spatial processing
supported by a 2D retinotopic (eye-centered) spatial organization, audition is primarily tuned to
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frequency analysis resulting in a tonotopic map, i.e. an orderly map of frequencies along the length
of the cochlea (Culler et al., 1943). As a consequence, the auditory system must derive the location
of a sound on the basis of acoustic cues that arise from the geometry of the head and the ears
(binaural and monaural cues, Yost, 2000). Tactile stimuli undergo a distributed coding of attributes
such as pressure, vibration and temperature. Information about stimuli location is first represented
relative to the skin surface in the primary sensory cortex’s homunculus (Penfield & Boldrey, 1937).
However, because the body is flexible, the location of touch in space crucially depends on the
body’s posture at the time of touch. Therefore, the external touch location must be derived by
integration of skin location and postural information, i.e. proprioceptive inputs (Heed & Azafion,
2014), a process referred to as tactile remapping (Driver & Spence, 1998).

To solve the problem of the differences in reference frames? between modalities, the CNS must
proceed to the transformation of the information in a common, absolute spatial representation of the
world, and later, read the information back out into the motor coordinates needed for each effector
system (“how”). This process, encompassing the integrated neural representation of a “body
schema” and of the space around the body (peripersonal space), is a prerequisite for the effective
“piloting” of the body to avoid or manipulate objects in pursuit of behavioral goals (Popper &
Eccles, 1977).

6.2. Rules for Multisensory Integration

Two principles, the temporal and the spatial rules, determine the likelihood and the strength of
multisensory integration.

6.2.1. Temporal Synchrony

The “temporal rule” states that multisensory interactions are dependent on the coincidence of the
neural responses to different stimuli (albeit within a certain window). Stimuli with overlapping
neural responses yield interactions, whereas those yielding asynchronous responses do not. The
concept of a temporal binding window (TBW) was introduced that determines the maximum
temporal separation between two sensory events to be perceived as referring to the same object. For
visual and auditory stimuli such as simple flashes and beeps, the temporal window extended from 25
to 50ms and was found to be asymmetrical, i.e. the tolerance to stimulus onset asynchrony (SOA) is
greater when the visual stimulus precedes the auditory stimulus, than in the opposite configuration
(Keetels & Vroomen, 2005; Zampini, Guest, et al., 2005a). For audio-tactile pairs, Zampini, Brown,
et al. (2005b) obtained just noticeable differences (JNDs) of about 80ms, and for visual—tactile pairs,
JNDs have been found on the order of 35—-65ms (Keetels & Vroomen, 2008b; Spence et al., 2001).
The size of the audiovisual TBW is up to 5 times larger (200ms) with audio-visual speech stimuli
(van Wassenhove, Grant, & Poeppel, 2007). In other words, when the stimulus complexity
increases, the sensitivity for temporal order deteriorates (Vatakis & Spence, 2006). Paired
comparisons between visual, auditory and tactile stimuli with a discrimination threshold method
revealed that the temporal resolution for synchrony perception was similar for visual-auditory (VA)
and visuotactile (VT), while audiotactile (AT) showed superiority in terms of temporal resolution
(Fujisaki & Nishida, 2009).

For VA stimuli that are repetitively presented in streams, the perception of synchrony breaks
down if the temporal frequency is above ~4 Hz (Benjamin, van der Smagt, & Verstraten, 2008;
Fujisaki & Nishida, 2005). Above this rate, observers are no longer able to discriminate whether

3 The term “reference frame” is used to refer to the center of a coordinate system for representing objects,
including the body itself, and relations between objects (Cohen & Andersen, 2002).
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the auditory and visual stimuli are synchronous and the two modality streams are perceived as
being segregated with no order between them (VT and AT temporal resolutions were ~4 Hz and
~10 Hz, respectively).

To summarize, temporal lags below 20ms are usually unnoticed, probably because of hard-wired
limitations on the resolution power of the individual senses. Above this limit, delays do become
noticeable, in particular if stimuli: (1) have fast transient rise times; (2) are spatially separated; (3)
have predictable onsets;and (4) are presented rhythmically at rates < 4Hz.

Bresciani, Dammeier & Ernst (2008) investigated the interactions between visual, tactile and
auditory sensory signals for the perception of sequences of events. Sequences of flashes, taps and
beeps were presented simultaneously. For each experimental session, the participants were
instructed to count the number of events presented in one modality (Target) and ignore the stimuli
presented in the other modalities (Background). The results showed that for the perception of
sequences of events: (1) vision, touch and audition are automatically integrated;(2) the respective
contribution of the three modalities to the integrated percept differs; (3) the relative contribution of
each modality depends on its relative reliability (1/variability); and (4) task-irrelevant stimuli
(potential distractors) have more weight when presented in two rather than one modality.

Thorough VT, AT and VAT synchronization may be an issue when time delays are introduced in
the context of teleoperations. Time delays present in the control loop of human teleoperation in
space can be considered another aspect of increased task workload and can have a critical impact on
human performance and mission effectiveness (Sheridan, 1993; Fong, 2010; Podnar, et al., 2010;
Schmidt, et al., 2012). Relatively low latencies on the order of 400ms will be present during lunar
telerobotic control from Lagrange points or from Mars orbit during future surface exploration and
control missions (Lester & Thronson, 2011; Valinia, et al., 2012. Lester and Thronson (2011) have
described the limits of a “cognitive horizon” for teleoperation in space, i.e. a latency limit of
~500ms beyond which performance degrades. However, the sensory modality and the type of task
determine the size of specific latency thresholds: 100ms for haptic surface perception, 200ms for
visual feedback applications (Lester & Thronson, 2011). For visual just-noticeable differences, Ellis
et al., (1999a, b) reported thresholds of 15-20ms, while for points of subject equality, the threshold
was 50ms. Thresholds for the perception of visual image instability, on the other hand, have been
reported as 180-320msec depending on head velocity (Allison, et al., 2001; see also Adelstein, et
al., 2003). Relatively little research exists for audition: in one study, Wenzel (2001) showed no
performance disruption in an auditory localization task (head motion enabled) until latency
increased to 250—500ms (for 3s-duration stimuli) while disruption was minimal for longer duration
stimuli (8sec duration stimuli, 500ms latency). In a 2015 study comparing the single and combined
effects of a visual auditory docking task, Wenzel & Godfroy-Cooper reported that the auditory
system is less sensitive to latency compared to the visual system. A similar effect was found for
docking response time in the auditory condition. However, there was no facilitatory effect in the
bimodal condition.

6.2.2. Spatial Alignment

The “spatial rule” states that multisensory interactions are dependent on the spatial alignment and/or
overlap of receptive fields responsive to stimuli. That is, facilitative multisensory interactions can be
observed even when stimuli are spatially misaligned in their external coordinates, provided that the
responsive neurons contain overlapping representations. If these representations do not overlap, no
interaction is seen, and in many cases, even response depression is observed (i.e., inhibitory
interactions). However, a perfect spatial and temporal alignment is not required for multisensory

18



integration to occur as long as the sound and light are presented within close spatial (Stein &
Meredith, 1993) and temporal proximity (Colonius & Diederich, 2012; Vroomen & Keetels, 2010).
Some authors have suggested that stimuli must be presented within a ~30-40° of each other (though
not necessarily within the same hemispace) for effects to occur either in the case of facilitating
stimulus detection (for visual-auditory interactions: Hughes et al., 1994; Harrington & Peck, 1998;
for visual-tactile interactions: Foster et al., 2002) or in the case of influencing localization judgments
(for auditory-tactile interactions: Calclin et al., 2002), with wider separations failing to generate
facilitating interaction effects (Stein et al., 1989). Others have found interaction effects across wider
spatial disparities for tasks requiring visual intensity judgments, sometimes independent of the locus
of sounds (Stein et al., 1996; Hairston et al., 2003). Others emphasize the spatial ambiguity of a
stimulus over its absolute position, such as in the cases of the ventriloquism effect and shifts in
attention (Bertelson, 1998; Spence & Driver, 2000; Hairston et al., 2003). Such a crossmodal shift of
exogenous (or automatic/reflexive) spatial attention can occur between pairs of auditory, visual, and
tactile stimuli (Spence & McDonald, 2004). The effects of a shift of crossmodal exogenous spatial
attention are generally most pronounced when there is some time between the onset of the sound and
the light (~100-300ms, see Berger, Henrik & Rafal, 2005) and when they originate from
approximately the same spatial location (Spence & McDonald, 2004). Crossmodal exogenous spatial
attention shifts result in faster RTs and higher detection sensitivity for information appearing at
attended as compared to unattended locations (Santangelo & Spence, 2009). When there is more
time between the onset of the sound and the light (>300ms) an inhibitory after-effect can be
observed (inhibition of return [IOR]) that has been demonstrated between all possible pairings of
audition, vision, and touch (Klein, 2000).

The variability of these findings raises the possibility that task requirements may influence spatial
limitations on multisensory interactions (Spence, 2013). Another possibility is that some varieties of
multisensory interactions occur with neurons and/or brain regions with large spatially insensitive
receptive fields.

6.2.3. Inverse Effectiveness

A third principle, called the “principle of inverse effectiveness” was formulated based on the
observation that the relative increase in spike rate in multisensory neurons after multisensory
stimulation was larger when the unimodal stimuli (sound or light alone) evoked only a weak
response as compared to those unimodal stimuli that evoked a strong response in the neuron
(Meredith & Stein, 1983; Holmes, 2009). This multisensory facilitation can be reinforced by a
semantic congruence between the sensory inputs, and is susceptible to being modulated by
attentional factors, instructions, or inter-individual differences. Overall, these neurophysiological
principles have been useful in predicting the circumstances in which multisensory integration occurs
in human behavior (see Stein & Stanford, 2008 for a review).

7. Applied Studies of Tactile Cues in the Context of Multimodal Displays

Although direct behavioral inferences from neuronal data can be problematic, general insights into
multisensory integration provided by neurophysiological studies, such as the spatial and temporal
rules, have generally been confirmed in applied behavioral studies. However, it is also clear that
behavioral integration is complex and depends on factors such as the type and reliability of each
unisensory stimulus involved, the nature of the task being performed, and the level of operator
workload (Gray, Spence, Ho & Tan, 2013). Such factors may determine whether the combined
performance effects of multisensory integration are additive, superadditive, or no better than
unisensory performance. If stimuli are chosen that violate human perceptual and attentional systems
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(e.g., intersensory conflict due to incongruent spatial locations, temporal asynchrony, or even
semantic incongruency; Laurienti, Kraft, Maldjian, Burdette, & Wallace, 2004), performance may
actually be subadditive (worse than unisensory performance) by setting up conditions that confuse or
overload the user and result in multisensory suppression.

Although many multimodal display studies have been conducted in recent years, they have often
been developed in a somewhat trial and error manner without consideration of the basic mechanisms
of human multisensory integration and cross-modal attention (Sarter, 2006). Further, performance
measures are not always directly compared among the possible unimodal, bimodal, and/or trimodal
displays in a given study, making clear inferences about relative multisensory benefits problematic.
Here we present representative studies of multisensory integration performance in bimodal and
trimodal displays, particularly for attentional orienting and warnings, that have been investigated for
applications in automobiles, military combat vehicles, aviation, and medical equipment.

7.1. Automobile Displays

Multimodal automobile interfaces warning drivers of events such as the source and spatial location
of potential collisions have been under development for a number of years. Research in this area has
demonstrated inconsistent results regarding whether multimodal displays produce better
performance compared to unimodal displays. For example, in a driving simulator, Lee, McGehee,
Brown and Marshall (2006) investigated the effectiveness of an interface designed to reengage
attention during adaptive cruise control when a driver may need to assume control in a potential
emergency braking situation. They compared performance for four unimodal displays: a visual icon
depicting a collision, an auditory warning tone presented via a dashboard speaker, two different
tactile signals (seat vibration or brake pulse), and a trimodal combination of the unimodal displays.
Their results showed no significant differences in braking RTs between the multimodal and
unimodal signals. Spence and Ho (2008) later noted that there was a large spatial separation between
the different signals with visual and auditory signals at approximately eye level and the tactile
displays at seat and foot levels in the Lee et al. (2006) study. Ho, Reed and Spence (2007) compared
audio, tactile and bimodal audio-tactile signals in a collision avoidance display with frontal locations
that were more spatially congruent, i.e., a car horn presented via a speaker on the dashboard and a
tactile signal presented in the middle of the driver’s stomach. The results showed that braking RTs
were significantly shorter for the bimodal signals compared to the best unimodal signal. Similar
multimodal benefits have been demonstrated in other driver warning systems when auditory and
visual stimuli are spatially congruent (Spence & Ho, 2008; van Erp & van Veen, 2004). Such data
support the idea that multimodal effects may vary considerably depending upon factors like the
presence or absence of spatial congruency.

7.2. Military and Aviation Applications

Multimodal interfaces have also been developed for military ground combat vehicles and aircraft for
applications such as threat alerting. Oskarsson, Eriksson and Carlander (2012) compared the
effectiveness of unimodal, bimodal, and trimodal threat warning displays in a simulated combat
vehicle where the task was to turn toward a threat as fast and accurately as possible. The display
components consisted of virtual 3D sounds presented via headphones, directional tactile signals
delivered via one of 12 tactors located on the operator’s belt, and either a visual head-down display
(HDD) or head-up display (HUD). The allocentric HDD visual display used moving lines to indicate
the direction of threat and was placed at waist height approximately 30° left of the center. The
exocentric HUD used a pulsing arrow that indicated both threat direction and angular distance and
was superimposed at eye level on the out-the-window screen mounted in front of the operator.
Performance was assessed in terms of accuracy in localizing the threat and mean RT to orient to it.
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Experiment 1, which utilized the visual HDD, showed that the trimodal display produced better
performance compared to the best of the unimodal and bimodal displays. Interestingly, multisensory
facilitation occurred with this interface even though there was some physical spatial incongruence
between the signals, i.e., the auditory and tactile signals were presented from around the body while
the visual signal was always presented in front of the operator. It may be that subadditive integration
did not occur because the different signals were associated with different types of attentional
orienting. The tactile and auditory cues were exogenous (an automatic/reflexive capture of attention
by peripheral cues) while visual cues were endogenous (voluntary shifting of spatial attention). In
experiment 2, Oskarsson et al. (2012) utilized the HUD so that all three cues were spatially
congruent. Three displays for cueing threat direction were compared: the HUD with 3D audio,
tactile with 3D audio, and HUD, 3D audio, and tactile belt combined into a trimodal display.
Performance was significantly better for the trimodal HUD display compared to the bimodal
displays. The trimodal HUD was also better than the trimodal display with the HDD. Similar
benefits for multimodal directional alerting systems have also been observed in the context of
military aviation under conditions such as high acceleration in simulated aerial combat (van Erp,
Eriksson, Levin, Carlander, Veltman, & Vos, 2007) and in the presence of helicopter noise (Brill, J.
C., Lawson, B. D., & Rupert, 2015).

In another aviation context, Ngo, Pierce & Spence (2012) compared unimodal and multimodal
performance in a simulated air traffic control scenario in which participants had to monitor and
control aircraft. The task goals were to ensure that the aircraft landed or exited at the correct altitude,
speed, and direction and maintained a safe separation from all other aircraft and boundaries. The
performance measures recorded included enroute time, handoff delay, and conflict resolution delay.
The standard baseline visual condition (the aircraft in conflict was highlighted in red) was compared
to experimental conditions in which the visual cue was accompanied by a temporally sychronous
auditory cue (500 Hz tone), a vibrotactile cue (tactors at each side of the waist), or a combined
audiotactile cue. The results showed that performance was significantly better when auditory or
audiotactile warning signals were presented. However, performance with the unimodal tactile
warning signal did not improve performance compared to the unimodal visual alert.

7.3. Medical Applications

A relatively new area for multimodal display research is in medical applications. Ferris and Sarter
(2011) recently investigated multimodal interfaces for attentional orienting and task management in
the context of a surgical procedure to enhance patient monitoring by anesthesiologists. They
compared performance with the commonly used auditory and visual warning systems to conditions
in which tactile displays were added. In a surgery simulation, visual (popup messages on a patient
screen in front of the anesthesiologist) and auditory signals (alarm sounds and an auditory
sonification, i.e., a periodic signal that conveyed heart rate and blood oxygenation information) were
combined with three types of vibrotactile signals delivered via a vibrotactile vest. In addition to a
tactile alarm, two tactile displays were presented that provided continuous information concerning
the patient’s status. Several performance measures were collected for two tasks, physiological
monitoring and anesthesia induction, and combined in a multitask performance score. Unlike the
simple alerting function of many of the previously described multimodal interfaces, this system was
designed to both inform the operator about the nature of a critical event as well as orient attention to
a particular spatial location. For example, lung volume information was presented via signals to the
anesthesiologist’s back while blood pressure information was presented via the arm. For all tactile
displays, the combined trimodal interface produced superior performance compared to the typical
auditory-visual interface alone. However, it is not clear that this enhancement was due to
multisensory facilitation since performance was not measured for the tactile system alone.
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7.4. Effects of Workload and Experience Level

A number of studies have indicated that although multisensory cues may not be more effective than
unimodal cues under conditions of low perceptual workload (Lavie, 2005), they may still retain their
capacity to capture an operator’s spatial attention under high workload when unimodal cues are no
longer effective (Spence, 2010). Similarly, the multimodal interfaces described here may or may not
function as well in real operating environments where workload can be substantially higher than can
be produced in a laboratory or simulator. Few multimodal interface studies involving tactile cues
have systematically varied operator workload. In one such study, Mohebbi, Gray & Tan (2009)
reported that the effectiveness of unimodal auditory and tactile collision warnings varied
substantially with workload in a driving simulator. Auditory warnings that were highly effective
under low workload (just driving) were totally ineffective under moderate workload conditions
(simple mobile phone conversation while driving). Tactile signals, on the other hand, were effective
under both low and moderate workload conditions but significantly less effective in a high workload
condition (complex phone conversation).

An important issue related to workload is whether the semantic content and delivery method of the
warning should change as a function of operator workload. In the anesthesiology study by Ferris and
Sarter (2011), multimodal displays that provided continuous tactile information concerning the
patient’s health resulted in better performance than warning signals that were only active when the
situation became critical, presumably because the continuous signals allowed the operator to
anticipate critical situations and respond more rapidly. However, these results were only observed
under low operator workload. Under high workload, the continuous signals tended to be ignored,
resulting in better performance with discrete warnings. To our knowledge, applied studies directly
assessing whether an operator can utilize semantic information from auditory or haptic icons under
high workload have yet to be conducted.

Since workload tends to vary greatly in complex real-world environments, it will be difficult to
design a multimodal interface that performs well under all conditions. As a possible solution, Ferris
and Sarter (2011) proposed adaptive systems in which the information presented to the user changes
as a function of workload. However, this presupposes that adequate methods of detecting and/or
predicting operator workload are developed. Further, research in adaptive systems for aviation
suggests that they can serve to increase workload and reduce situational awareness (Kaber, Perry,
Segall, McClernon & Prinzel, 2006). The much-maligned adaptive menus of Microsoft Office 2003
are a well-known example of how implementation of such a display can go wrong.

Another topic that has not been well studied is how the level of experience or training of the operator
may affect performance with multimodal displays. Typically, participants in lab and simulator
studies are given limited training prior to collection of data. However, training to asymptotic
performance would likely be too cumbersome to be practical in conducting experiments. Further, if a
given display requires much training it is less likely that it will be adopted as a good solution. In
addition, unlike real world scenarios with unpredictable events, lab studies must necessarily test
multimodal displays under simplified and controlled conditions in order to obtain results that can be
statistically analyzed. It is unclear how well people can respond to many different warning signals
that may not occur with any degree of regularity.

It is also unclear whether highly experienced operators who have developed complex mental
representations of their operating environment would benefit from many of the relatively simple
multimodal displays like those developed so far. Similar to pilots subjected to multiple alarms
during an emergency situation with poorly designed cockpit displays, experienced users may simply
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find them annoying and turn them off. One experimental approach would be to directly compare
performance for novice and expert participants, such as pilots, astronauts or doctors, although this is
not always a practical possibility for many researchers.

7.5. Relevance to Space Applications

While many of the results discussed above will be relevant to space applications, conditions specific
to space environments such as degraded sensory cues and the impact of micro- and macro-gravity
conditions will need to be carefully considered when designing displays for spacecraft systems,
EVA missions, and astronaut support. Compared to the earth environment, such factors may alter the
relative reliability of individual sensory systems, the manner in which they integrate, and the way in
which factors like workload impact performance. Although some conclusions may be drawn from
simulation studies or buoyancy tank and centrifuge studies mimicking altered gravity conditions,
investigation in a true space environment will remain the best test of display effectiveness.

8. The Forgotten Dimension: Depth

Of all our senses, only vision and audition allow us to perceive information that is currently out of
reach. Whereas vision enables us to determine the spatial location of something that can be seen in
frontal space only, audition helps with localizing sounds in all directions. Conversely, the sense of
touch is relatively constrained in terms of depth perception as one can only feel things that are
within reach. Perceiving touch is thus bound to the body. One aspect that has received little to no
attention in the literature on multisensory integration is how the distance between multisensory
stimuli and an observer affects multisensory integration.

8.1. Peripersonal vs. Extrapersonal Space

A few studies have provided neurophysiological and neuropsychological evidence indicating that
information presented at different distances from the observer, or in different regions of space, is
processed differently in the brain (Previc, 1998; Graziano, Reiss, & Gross, 1999). Objects at a
distance can naturally be perceived through a limited number of senses, namely vision, audition, and
olfaction. By contrast, objects nearer to, and therefore within reach or in contact with the body can
impact upon all sensory systems, including gustation and all the sub-modalities of touch (see Craig
& Rollman, 1999 for a review). There seems to be a clear distinction between the region of space
directly surrounding different body parts (peripersonal space, near) and the space that is out of reach
(extrapersonal space, far) in terms of multisensory interactions occurring in these regions of space
(Occeli et al., 2011; Van der Stoep, Nijboer, Van der Stigchel, & Spence, 2015). Representations of
peripersonal space are body-centered or body part-centered (see Lavadas, 2002 for a review),
restricted to the space immediately surrounding the body (~70cm in humans), and involve the
integration of information from multiple sensory modalities (somatosensory, proprioceptive, visual
and auditory. The brain’s representations of the visuotactile peripersonal space can be modulated to
incorporate mirror images, inanimate objects, and tools held in the hand (Austen, Soto-Faraco, &
Kingstone, 2001; Pavani, Spence, & Driver, 2000). Tool use seems to “capture” extrapersonal space
and results in it being incorporated into peripersonal space. The question remains whether this
applies to tools that are teleoperated, such as a robotic arm or rovers on a planetary surface.

8.2. Visuotactile and Audiotactile Interactions in Frontal Peripersonal Space

The majority of studies of multisensory interactions in the depth plane have focused on visuotactile
and audiotactile interactions in frontal peripersonal space. In such studies, tactile stimuli are often

23



delivered to the hands while the other parts of the skin surface are largely ignored.
Neurophysiological evidence appears to support the notion that space is divided into several distinct
regions and suggests that both audiotactile and visuotactile interactions are more pronounced in the
space directly surrounding the body. In a 2012 study, Canzoneri et al. demonstrated that participants
responded more rapidly to the tactile targets when the simulated sound location was situated close to
their hand as compared to when it appeared further away. Similar results have been reported with
vision and touch (Gray & Tan, 2002).

The specific spatio-temporal properties of dynamic stimuli can also influence the strength of
multisensory interactions. When visual stimuli approach the body at a certain speed, predictions
concerning the location of a tactile stimulus in 3D space can be made (e.g., when and where contact
with the body is expected), thus enhancing the speed with which stimuli at the expected time and
location are processed relative to other times and locations. Similar results have been observed in a
study of visuotactile interactions, where responses to tactile targets were fastest to tactile stimuli
presented at the same time at which contact with the face was expected, based on the speed of a
reaching movement (Kandula et al., 2015).

Given that tactile perception is inherently bound to the body, the stronger multisensory interactions
involving touch in peripersonal space require stimuli from different modalities to not only be aligned
at any particular depth but also specifically to be aligned with the body (or extensions of the body in
the case of tool-use).

Canzoneri et al.’s results (2012) suggest that the presentation of sensory information from slightly
beyond the border of peripersonal space does not result in the sudden absence of audiotactile
interactions, but rather shows a more gradual decline in performance, as expressed by a gradual
increase in RTs. This effect appeared to be the most pronounced for sounds that are perceived to be
approaching the participants and less for sounds that appear to recede from the participant. Drawing
a distinction between the space that is reachable and that which is not would appear to be useful in
terms of the possible (motor) interactions with the environment and the perception of stimuli that are
somehow relevant in terms of their proximity to the body of the observer. The existence of two
different spatial representations (dichotomous vs. continuous) has been supported by the results of
several studies (Caggiano et al., 2009; Makin et al., 2008). A study of sound localization in depth
(Canzoneri et al., 2012) indicates that participants perceived the location of simulated approaching
or receding unimodal stimuli in terms of a spatial continuum in depth. During audiotactile
stimulation, however, RTs showed a somewhat steeper decrease at a certain distance from the
observer, indicative of there being some kind of boundary in peripersonal space. Such a border was
not observed when audiovisual stimuli were used (Teneggi et al., 2013), underlining the idea that
multisensory interactions that involve tactile stimulation may display a dichotomous border for
peripersonal space, perhaps due to the asymmetric nature of tactile perception.

Unlike tactile perception, auditory and visual perception are not constrained by the distance at
which stimuli are presented. Consequently, audiovisual interactions do not show the same
asymmetric effects as audiotactile and visuotactile interactions. Thus, multisensory interactions
involving touch may be especially pronounced close to the body, given that spatial alignment in
depth will always require that all unimodal component stimuli be presented in peripersonal space in
alignment with the body.
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8.3. Rear Peripersonal and Extrapersonal Space

The area of space behind the observer, which cannot be seen directly, provides an interesting
opportunity to investigate the interactions taking place between auditory and somatosensory
information. The distinction between peripersonal and extrapersonal space can also be made when it
comes to the space behind the observer. The results of neurophysiological (Graziano & al., 1999)
and neuropsychological studies (Farné & Lavadas, 2002) have suggested that audiotactile spatial
interactions may be more prevalent in near rear space than in frontal space. Kitagawa et al. (2005)
have similarly shown that audiotactile interactions were greater when the auditory stimuli were
presented close to (i.e., 20cm) rather than far from (i.e. 70cm) the back of the participant’s head.
Farne and Lavadas (2002) have argued that this is because people will typically perceive an object’s
approach from behind by means of auditory cues (see also Kitagawa & Spence, 2006). It will be
particularly important for future research to:
» assess whether spatial influences on audiotactile interactions are dependent on the
particular body surface stimulated
« investigate the impact of spatial distance between auditory and somatosensory
stimuli, particularly within rear space
* determine to what extent auditory-somatosensory interactions are coded in terms of
the egocentric and/or external spatial position of the stimulated body surface

8.4. Body Posture and Sensory Deprivation

Tactile location has been demonstrated to be represented both in skin-based anatomical and external
reference frames in a variety of tasks (Heed & Azaion, 2014; Overvliet, Azafdon & Soto-Faraco,
2011; Harrar & Harris, 2010). Spatial transformations in touch are impaired by limb-crossing but
are consistent with tactile location being recoded rapidly and efficiently, followed by integration of
skin-based and external reference information to specify the reach target (Brandes & Heed, 2015).
A 2016 study (Noel et al.) investigating the relative contribution of the different sensory systems
under different body postures in a tactile temporal order judgment (TOJ), showed that mechanisms
governing the alignment between somatotopic and external reference frames extend beyond those
imposed by body posture to include spatial features conveyed by the auditory and visual modalities,
with a heavier weighting of auditory than visual spatial information. More specifically, auditory,
and auditory-visual deprivation exacerbated the difference in tactile temporal acuity between
uncrossed to crossed leg postures, an effect not seen for visual-only deprivation. Furthermore, the
effects under combined visual-auditory deprivation were greater than those seen for auditory
deprivation. This result is of particular interest in the context of space operations where sensory
cues are altered or missing.

9. Research Needs
9.1. Tactile Display Issues

While tactile technologies in some form have been developed for nearly 100 years, there are a
number of research issues that still need to be addressed regarding the design and effectiveness of
tactile feedback by itself as well as its integration with information presented in other modalities.

Current tactile devices have proven to be useful but are still largely limited to vibrotactile tactors like
the ERM or pager motor type, and the LRA as used in the TSAS system. These devices have been
used due to their low cost, smaller size, and relatively good control qualities. Future displays would
greatly benefit from the development of tactors that have a wider dynamic range in terms of
frequency and amplitude control, are power efficient, and are physically robust. In many of the
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complex task environments in which tactile displays are likely to be needed, the human user will be
physically active and will need to be able to perform a wide range of different body motions and
positions. Examples include impoverished and difficult task environments in military and aerospace
applications such as helicopter flight during brown out conditions, soldiers conducting combat
sorties, or EVA and planetary exploration tasks during space operations. Tactile displays under these
conditions will need to be designed to maintain continuous contact with the skin, be well integrated
with current combat gear or spacesuits, and present tactile signals of sufficient magnitude that they
are readily attended to but not aversive.

Important questions also remain for the design and implementation of current tactile technologies,
such as the optimal dimensions and configuration of tactile arrays and how they should change as a
function of the display’s purpose and the locus of presentation on the body. Array size has varied
considerably and has often been determined by trial and error or practical limitations. High-density
arrays have been used for systems that involve the densely innervated fingers such as reading aids
for the blind. More spatially diffuse devices are typically used on less sensitive areas of the body
such as the torso or arm. However, even on the torso the number of elements in the displays has
ranged from 8 to 128 (Jones, Kunkel, & Piateski, 2009; Rupert, 2000; van Veen & van Erp, 2000).
Psychophysical studies have shown that using larger arrays does not necessarily lead to superior
perceptual performance in localization tasks, while using anatomical reference points such as the
spine when positioning the tactile display does enhance localization accuracy (Cholewiak et al.,
2004; van Erp, 2001). Given the range of possible users’ body sizes, an important research question
is whether it is better to use the available sensory area by adjusting intertactor distances to cover the
skin surface or to maintain the same display dimensions for all users. The answer to this question
will also likely depend upon the properties of the specific tactor being used.

Another issue for tactile display design is the trade-off between selecting the best body locus for the
display and the constraints of real-world feasibility and user acceptance. Using sites with the highest
cutaneous sensitivity, i.e., the fingers, tongue, and lips, is often not possible due either to
interference with user tasks or the intrusiveness of such a display. Tactile patterns presented across a
larger surface such as the back are easier to recognize than similar patterns presented on a smaller
surface like the forearm (Jones, et al., 2006), although high recognition accuracy can be achieved for
both with the careful selection of tactile patterns (Jones, et al., 2009). One possible solution to
locating displays is to create wearable displays that integrate tactile technologies with devices that
users already use such as headsets, seat surfaces, seatbelts, and combat gear. Particularly for military
and aerospace applications, it may be desirable to integrate sensor and tactor technology into
garments made with woven conductive fabrics that can be used for power and data transmission
(Wade & Asada, 2006; Stoppa, & Chiolerio, 2014; Zeng, Shu, Li, Chen, Wang & Tao, 2014).

Research on tactile patterns and tactons has focused on their use in facilitating interactions with
graphical interfaces (Brewster & Brown, 2004), for navigation and communication in hazardous
environments (Jones, Kunkel, & Torres, 2007) and for human-robot interactions (Barber,
Reinerman-Jones & Mathews, 2015). The number of tactons that are potentially available in these
contexts will need to be determined from analyses of how the basic parameters of vibrotactile
signals can be combined to create unique icons. Parameters, such as stimulus waveform, that may be
useful for tactons displayed in handheld devices (Brown et al., 2005) may be ineffective in displays
on other body sites. Further, the number of tactons that can be accurately identified depends on the
degree of similarity among the various tactons (Enriquez et al., 2006; Jones, et al., 2009).

Another important issue is how individual differences impact the design of tactile displays that are
intended for a wide range of users. For example, studies of the effect of aging on tactile perception
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indicate that older people have a reduced spatial acuity for most body locations (Stevens & Choo,
1996). In a study of narrowing of cross-modal attention, Hess and Sarter (2007) found that under
conditions of high visual load, older drivers were significantly more likely to miss tactile cues than
younger drivers. Such differences have important implications for the design of automotive or other
in-vehicle interfaces.

Finally, it is necessary to develop ways of overcoming known limitations and breakdowns in tactile
information processing related to factors such as masking and change blindness. Masking refers to a
situation in which a tactile stimulus is not perceived when another tactile stimulus is presented
immediately preceding or following that stimulus (Evans, 1987; Tan, Reed, Delhorne, Durlach,
&Wan, 2003). Change blindness is a failure to detect a change in a tactile pattern when it is
presented repeatedly in between other stimuli (Gallace, Tan, & Spence, 2006). The skin is highly
subject to sensory adaptation and very little is known about the long-term effects of prolonged, but
intermittent, cutaneous stimulation in tactile displays.

9.2. Multimodal Integration for Space Applications

NASA has identified a number of potentially significant biomedical risks that may limit deep space
missions, including missions to the Moon and Mars. Among them, and relevant for the present
report, are changes in eye-head-hand control, gaze function, postural and/or locomotor ability and
perception (Bloomberg et al. 2015). Evidence from space flight research has demonstrated that the
function of each of these subsystems is altered by removing gravity, a fundamental orientation
reference for vestibular, proprioceptive, and haptic receptors used in the control of orientation,
posture, navigation and coordination of movements. The decrement in sensation, and their
consequences for perception and action, affects all the senses, although hearing function under
microgravity has received little attention.

Space activities are also highly constrained by the affordances of the environment. In flight, the crew
may experience a visual reorientation illusion (VRI) induced by the architectural symmetries of the
cabin interior that typically defines multiple “visual vertical” directions, usually separated by 90°.
When VRI occurs, crews lose their sense of direction with respect to the entire vehicle and reach or
look in the wrong direction for remembered objects. Distortions of the visual space have also been
reported and may influence astronauts’ ability to accurately perform cognitive and sensorimotor
tasks, such as those involved in robotic operations. In space, the environment is not structured with a
gravitational reference and a visual horizon, so perspective is irrelevant and astronauts perceive
heights and depths of objects as taller and shallower on orbit, respectively (Clement et al., 2013). On
surface, low visibility conditions and non-earth gravitational forces will likely impact inertial
navigation. EVAs in space are uniquely defined by the loss of information normally provided by the
auditory and somatosensory systems, and a restricted field of view. In this hostile environment,
astronauts may not be able to keep a six-DoF situational awareness, in particular regarding
potentially life-threatening objects approaching at high speed (extrapersonal space). Another critical
aspect of EVAs in space is the absence of tactile feedback associated with operations, whether
directly guided by hand or mediated by tool use (peripersonal space).

Therefore, different types of risks will be associated with different types of activities:
rendezvous/docking and remote manipulator system operations, piloted landing, vehicle egress and
extravehicular activities, and rover operations. Although the decrement in sensations under
microgravity, and their consequences for perception and action, is relatively well documented at the
level of each sensory system individually, less is known about interactions between the senses.
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Furthermore, the role of tactile displays for space activities has been primarily investigated as a
substitutive device for orientation and navigation within the spaceship.

The potential roles for the tactile inputs (redundancy, complementarity or substitution) need to be
addressed in context (task and environment specific) and in interaction with the other senses. The
first important aspect here is that there is a significant decrement in sensation associated with space
operations. As a consequence, the normal contribution (weight) of each sensory modality to
multimodal perception experienced on Earth will not be relevant in space, since the reliability of the
different senses will change. In other words, the usual dominance of the visual cues in multisensory
perception may be challenged, and the role of auditory and tactile cues may increase. It is, thus,
fundamental to determine the role of each sensory modality, alone and in combination, for very
specific tasks where multisensory information presentation would lead to performance and safety
improvement. Last, the combined presentation of “real” and “virtual” information may also affect
the way sensory modalities are integrated, and this aspect should be investigated.
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